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Abstract 
Clastic sedimentary rocks associated with coal seams affect the retention of gas and the rate of escape of CO2 and CH4 from a 
coal seam gas (CSG) system. Quantifying sealing properties using a parameter based on molecular diffusion and permeation of 
gases through rock and coal matrices allows the effects to be evaluated. 
Observations made on a CSG system in the Hunter Coalfield, Sydney Basin, Australia, show that the gas contents vary between 
~0.5m3/t and ~10m3/t. The CSG consists predominantly (>80%) of CH4. Analyses of stable carbon isotopes indicate that the CH4 
is mainly biogenic, with gases in deeper seams showing mixing with thermogenic sources. At depths less than about 500m, the 
coal seams containing elevated gas contents are generally overlain by low permeability, fine-grained clastic rocks such as 
mudstone and carbonaceous shale.  
Using a purpose-built system to measure matrix permeability and diffusivity of a coal and its roof and floor rocks allows 
characterisation of long-term permeation and diffusive flow. Measurements indicate that permeation and diffusion take place at 
different rates depending on gas type. A main finding of the study is that CH4 permeates more rapidly than CO2 whereas CO2 
diffuses more rapidly than CH4. For the studied samples, gas diffusion in coal is slower than in the clastic rocks, indicating that 
the minor coal seams are even better seals compared to the interseam clastic rocks for the main coal seam reservoir. 
Differences in flow regimes vary with lithology and therefore differences in lithology affect the retention of CO2 versus CH4. For 
example, the permeation of both CO2 and CH4 is several times more rapid in the sandstone than for the claystone analysed, but 
diffusive flow is similar for these two samples. 
Carrying out analyses such as those done in the present study will assist in evaluating gas containment properties of interseam 
strata in CSG systems over given periods of time. Quantification of these properties will assist in evaluating the potential for CO2 
injection and long-term storage in coal seams. 
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1. Introduction 
The feasibility of storing anthropogenic carbon dioxide (CO2) in coal is actively being investigated worldwide. 
The natural occurrence of large volumes of CO2 in the coalfields of Australia provides support for the possibility of 
using coal seams as a storing medium for CO2 [1,2,3].  
A ‘coal seam gas (CSG) system’ consists of one or more coal seams, which act as the main source and reservoir, 
as well as any interseam sediments, which may act as seals or migration pathways. Most coal seams contain 
methane (CH4) and in some seams a mixture of CO2 and CH4 is present. The storage capacity of a CSG system 
mainly depends on the adsorption and pore network properties of the coal seams. The retention of gas, however, also 
depends on sealing capacities of roof and floor strata. Compared to other gas reservoirs, coal seams are compact and 
can contain large volumes of CH4 or CO2 within relatively small volumes of strata.  Therefore, more efficient 
control and surveillance of potential leakage of injected CO2 is possible for coal reservoirs than for other reservoirs. 
This study was undertaken for the Hunter Coalfield of the Sydney Basin to investigate the influence of clastic 
sedimentary rocks in interseam strata on retention of gas and rate of escape of CO2 and CH4 from a CSG system. In 
the Hunter Coalfield, CSG is present in various volumes and concentrations. Gas contents of coals are measured in 
three stages: Q1, Q2 and Q3 [4]. The ‘measured gas content’ is the sum of the three components, which are not 
corrected for moisture or ash [4].   
In the present study, the sealing properties of clastic sedimentary rocks are quantified by defining a parameter 
based on permeation and diffusion of gas through the matrix. Other influences on retention of CSG include 
depositional environment and composition of the coals. 
2. Observation of gas content behaviour in the study area 
Coal and clastic rocks from the Vane Formation of the Hunter Coalfield, which contains some of the gassiest coal 
seams in the coalfield, were studied. Preliminary observations indicate that the in situ gas contents vary between 
~0.5m
3
/t and ~10m
3
/t. The CSG consists predominantly (>80%) of CH4 and stable carbon isotope data indicate that 
the CH4 is mainly biogenic. Deeper seams also contain mixed thermogenic and biogenic gas. The coals studied 
generally contain >50% vitrinite. At depths less than about 500m, the coal seams containing elevated gas contents 
are generally overlain by low permeability, fine-grained clastic rocks such as mudstone and carbonaceous shale.  
Measured gas contents of core coal samples from surface exploration boreholes show that gas contents do not 
systematically vary with depth at many of the studied sites (e.g. Figure 1 which is based on average values of gas 
contents for several samples from each seam). 
There are various potential causes for the variations of gas content with depth. The unexpected ‘zig zag’ changes 
with depth may be due to variation in adsorption capacity of the different coal seams, which in turn is affected by 
moisture and ash yields. However, most of the seams in the study area are undersaturated and therefore the 
variations in gas content are not controlled by differences in maximum adsorption capacities. Another cause of 
variation in gas content could be preferential biogenic gas generation in some coal seams. Recharge of CH4 in coal 
seams due to microbial activities in other parts of the Sydney Basin have been suggested by various researchers 
[5,6,7].  Differences in biogenic factors between seams having similar hydrogeological conditions, however, are 
unlikely.  
Another possible controlling factor for the variation in gas contents is differences in the sealing property of the 
interseam sediments.  As shown in Figure 1, the roof rocks of coal seams having the highest gas contents consist 
mainly of mudstone and the low permeability of these rocks may have reduced the escape of gas. 
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Figure 1 Measured gas content and lithology of strata with respect to depth from a borehole drilled in the study 
area 
3. Methods 
Any quantification requires knowledge of the long-term flow properties of the roof and floor units, including 
other coal seams. The sealing capacity of interseam strata can be quantified in various ways. One method is to 
determine the time required for a coal seam to lose half of its initial stored gas (α = 50 in Eq 3). Note that coal seams 
themselves can act as sealing strata for other seams.  
In the present study, long-term gas trapping capacity was evaluated through measurements of micro-permeability 
(matrix permeability) and gas diffusivity of thin coal seams as well as rocks in the overburden and underburden 
strata.  A novel measuring system was designed and built for measurements taken on small solid disks (about 1.6cm 
diameter and 6mm thickness) prepared from coal and rock samples collected from borehole cores. The measuring 
system is a modification of a previously built system for the direct measurement of diffusivity of coal [8].  
In order to relate the flow properties of roof and floor rocks to other physical properties that may affect the gas 
flow within these strata, density and porosity measurements were also conducted. 
Permeability is the measure of fluid conductivity in a porous medium.  The Darcy equation is used to express the 
flux of gas in terms of permeability and the gradient of pressure. In this equation permeability is the coefficient of 
proportionality between these two entities. In one dimensional space, the equation of permeation (Darcy’s equation) 
is, 
 
  (1) 
where ψp is the permeation gas flux (m3/m2 per second), μ is the dynamic viscosity of the gas (Pa•s), k is the 
permeability of the medium (m
2), p is the gas pressure (Pa) and x is the length (m). The volumetric flux ψp is at the 
pressure and temperature of the gas at location x. 
Measured permeability depends on the size of the sample analysed because coal seams are highly fractured 
reservoirs and the length and aperture of fractures strongly depend on the dimensions of the material studied. At 
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various scales different fracture systems can be defined and therefore the permeability varies. The fracture 
permeability (macro-permeability) controls the initial rate of gas production or gas injection into the reservoir. 
However, the long-term rate of gas production (or escape) depends largely on micro-permeability. 
A parameter that can affect permeability is the porosity of the medium. For pores of a diameter greater than a few 
nanometres, the porosity (meso-porosity) can be measured by using a mercury (Hg) intrusion technique [8]. In this 
method, samples are immersed in Hg at low pressure where the pressure is increased to a preset maximum. The 
difference in uptake of mercury by the sample at the two pressures yields the porosity of the sample.  The pore size 
distribution can also be determined since the pore diameter, which is penetrated by intrusive fluid, depends on the 
fluid pressure. 
Small discs 6mm in thick and 16mm in diameter were cut from the cores for measurement of micro-permeability 
and diffusivity for CH4 and CO2 at different gas pressures. Helium gas (He) was used as reference for measurement 
of micro-permeability for the sandstone.  For each gas pressure at least two measurements were conducted to ensure 
the repeatability and reproducibility of the results. In order to investigate the heterogeneity of diffusive flow 
measurements were conducted both parallel and perpendicular to bedding. Figure 2 shows a microphotograph of the 
floor disc sample used for micro-permeability and diffusivity measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Microphotograph of the sandstone sample disc used for matrix permeability and diffusivity 
measurements (disk diameter =16 mm) 
4. Gas storage capacity of coal seams and development of key performance quantifiers 
The main mechanism for storage of gas in coal is adsorption onto internal surfaces of pores and therefore a coal 
seam’s capacity to store gas is mainly a function of its adsorption properties. However, once the gas is stored the 
capacity to keep the gas is a function of seal properties of immediate strata enclosing the coal seam, as well as 
permeability/diffusivity characteristics of the coal itself. Two main quantifiers for retention of CSG are proposed: a 
capacity parameter termed ‘storage density’ (Sd) and ‘entrapment time’ (T).  
The storage density (Sd) is quantified in terms of volume of gas per unit area of surface (m
3
/m
2
), 
 
(2) 
 
 
 where ρ is the coal density, h is the coal seam thickness, Cs is the adsorption capacity at coal seam depth and in 
situ temperature (m
3
 per tonne of coal) and ξ is a coefficient which presents the level of saturation (0< ξ <1). The 
adsorption capacity can be determined by measuring the adsorption isotherm at in-situ temperature.  
The ‘entrapment time’ is that required for the reservoir to lose a given percentage (α) of its initial stored gas (V0). 
This time (T) is the upper limit of the integral below, 
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where ψ is the flux of the gas out of the reservoir. The entrapment time is a function of micro-permeability, 
diffusivity and thickness of the immediate roof of the reservoir. Note that the initial stored volume is given in terms 
of storage density (m
3
/m
2
). The Sd and T parameters can be used to classify CSG systems for their suitability for gas 
storage and they can be calculated where basic properties of the reservoir and seals, such as porosity, adsorption, 
matrix permeability and diffusivity, have been determined. 
5.  Results 
Samples included in this study were obtained from a coal seam and its floor and roof rocks intersected by an 
exploration borehole. The permeation and diffusive flow analyses for a sandstone from the floor and a claystone 
from the roof can be regarded to represent ‘end members’ in grain size for interseam sediments. Table 1 shows the 
results of X-ray diffraction (XRD) analyses of the two rock samples. As shown in Table 1 the roof and floor samples 
are both rich in quartz but their contents of other minerals vary widely.  They differ mainly in kaolinite content 
which is three times higher in the roof sample (29.5%) than in the floor of the coal seam (9%). Other significant 
differences are their siderite contents, which is higher in the floor sample (14.5%), and pyrite contents, which is also 
higher (5.9%) in the floor sample. 
 
Table 1 Results of XRD analysis of rock samples used in this study 
Type of mineral (%) 
 
Sandstone 
(#110307, floor) 
Claystone 
(#110161, roof) 
Quartz 56.1 66.1 
Kaolinite 9.0 29.5 
Illite 6.0 0.0 
Mixed layer illite 3.3 0.0 
Montmorillonite 0.0 0.5 
Magnetite 0.0 0.2 
Siderite 1.2 3.8 
Siderite magnesian 13.3 0.0 
Goyazite 2.6 0.0 
Jarosite,sodian 2.7 0.0 
Pyrite 5.9 0.0 
 
 
In Table 2 the porosity and density of rock and coal samples used in this paper are presented. The meso-porosity 
of sandstone and claystone are similar in magnitude; however, the densities are different.  
Results of 5 sets of measurements on the sandstone (floor) and claystone (roof) using He and the main seam 
gases are presented in Table 3. The micro-permeability is expressed in terms of micro-Darcy (µD). The results show 
that, for example, that the permeability of the floor rock to He decreases from 2.8 to 1.9µD when the pore pressure 
increases from 550 to 950kPa.  Results of measurements for CH4 and CO2 show that for sandstone floor micro-
permeability to CH4 varies from 1.02 to 1.36µD. The micro-permeability for CO2 varies from 0.72 to 1.00µD. For 
the claystone roof the results show that the micro-permeability to CH4 varies from 0.23 to 0.25µD. The micro-
permeability of claystone to CO2 varies from 0.12 to 0.17µD. 
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Table 2 Hg porosity and density of samples used in this study 
Sample (ID) Porosity (%) 
       Density (g/cm
3
) 
He 
expansion  
Hg 
intrusion  
Claystone (#110161, roof) 8.80 2.73 2.18 
Sandstone (#110307, floor) 8.20 2.92 2.53 
Coal (#110300, seam) 4.11   1.48 
  
Table 3. Matrix permeability of the floor rock (sandstone) and roof rock (claystone) to helium and seam gases 
Pore 
pressure 
(kPa) 
Sandstone permeability (μ Darcy)  Claystone permeability (μ Darcy) 
He CH4 CO2  CH4 CO2 
550 2.83 1.36 1.00  0.25 0.17 
650 2.47 1.25 0.91  0.24 0.15 
750 2.23 1.15 0.83  0.24 0.14 
850 2.04 1.07 0.77  0.23 0.13 
950 1.90 1.02 0.72   0.23 0.12 
*Note that 1 m
2
 = 1.013 x 10
18
 µD 
 
The permeability results for both rock types are illustrated in Figure 3. For each gas pressure at least two 
measurements were conducted to ensure the repeatability and reproducibility of the results.  The results show that 
while the permeability of both floor and roof rocks reduces with gas pressure, the CH4 permeability is higher than 
CO2 for all pressures and for both rock types. Note that for both gases the micro-permeability of the floor rock is 5-6 
times larger than the roof rock.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Matrix permeability of the floor rock (sandstone) and roof rock (claystone) to seam gases 
 
The diffusivity results (see Table 4 and Figure 4) show that the CO2 generally diffuses about 20% more rapidly 
than CH4. The results also indicate that diffusion parallel to bedding is 70 to 90% more rapid than diffusion 
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perpendicular to bedding and that diffusivity is slightly higher for the claystone sample than for the sandstone but is 
fourfold less for the coal. 
 
Table 4 Measured diffusivity of seam gases through the roof and floor rocks in directions parallel and 
perpendicular to the bedding   
Rock type 
                                            Diffusivity x10
6
 (cm
2
/s) 
     Claystone (#110161)    Sandstone (#110307)  Coal (#110300) 
Gas type Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular 
CO2 23.65 12.50 22.12 11.89 5.76 3.32 
CH4 20.30 10.90 18.91 10.27 4.83 2.86 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Gas diffusion parallel to bedding for the claystone, sandstone and coal analysed 
6. Discussion and conclusion 
The zigzag behaviour of gas content versus depth in exploration boreholes might be a result of different seal 
horizons in interseam strata. The role of interseam clastic rock and minor coal seams was assessed by measuring 
matrix permeability and diffusivity of main coal seam gases, namely CO2 and CH4 gases. The seal capacity can be 
quantified by newly derived quantifiers that use the long-term permeation and diffusion properties of coal and 
enclosing strata for assessing suitability of CSG reservoirs for gas storage.   
Measurements were undertaken on clastic rocks and coal using a purposely built system to measure the micro-
permeability and diffusivity of small sample discs to estimate the long-term flow properties of coal and reservoir 
roof and floor rocks.  
One major finding of this study is that gas diffuses much slower in coal compared to the rocks enclosing the coal 
seam reservoir.  In practical terms the coal in the roof of the reservoir can be considered a good seal for the 
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reservoir. Another finding of this study is that the rapidity of the permeation and diffusion flows in respect to the 
seam gases takes place in reverse order. This means that for permeation flow CH4 permeates faster than CO2 
whereas for diffusive flow the order is reversed, i.e. CO2 diffuses faster than CH4.  
The type of rock and its mineral composition also affects the rate of gas flow. For example, the permeation of 
both CO2 and CH4 is several times more rapid in sandstone than in claystone, though diffusive flow is similar for 
these two rock types. This is may be due to a difference in pore size distribution in the kaolinite-rich claystone 
compared to the sandstone sample. 
The results of the current work should assist in evaluating the gas containment properties of interseam strata in 
CSG systems over given periods of time. The data on gas diffusivity, matrix permeability and thickness of clastic 
rocks and coal seams can be used to quantify the capacity of seals. These assist in evaluating the potential for 
injection and long-term storage of CO2 in coal. Future work will involve studies of these properties in order to 
quantify the capillary pressures, as well as further studies on mineralogy, micro-permeability and diffusivity of 
different rock types. 
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